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This editorial refers to ‘Heterogeneous atrial wall thickness
and stretch promote scroll waves anchoring during atrial
fibrillation’ by M. Yamazaki et al., pp. 48–57, this issue.
In previous years, disruption of electrical coupling between cardiac
myocytes and muscle bundles, resulting in narrower—and thus
more—fibrillation waves, was identified as the main mechanism
underlying enhanced stability of atrial fibrillation (AF) in structurally
remodelled atria.1 In addition, the rate of epicardial breakthrough
was found to be enhanced in patients with persistent AF, which was
hypothesized to be caused by more electrical dissociation between
the epicardial layer and the endocardial bundle network.2 While
endo-epicardial dissociation of electrical activity and breakthrough
during AF were already described many years ago,3– 5 this phenom-
enon was only recently demonstrated to be enhanced after several
weeks to months of AF or rapid atrial pacing.6,7 Endo-epicardial dis-
sociation of electrical activity is regarded the conditio sine qua non
for the occurrence of transmural conduction and epicardial break-
through. Such a ‘three-dimensional substrate’ for AF is believed to sig-
nificantly contribute to the stabilization of AF over time.
The study of Yamazaki et al.8 adds several new aspects to the emer-
ging concept of the three-dimensional substrate for AF. By the use of
simultaneous endo-epicardial optical mapping, the authors were able
to match two-dimensional high-resolution mapping data with each
other and the underlying anatomical structures. This sophisticated
technical approach allows new mechanistic insights in the spatio-
temporal behaviour of fibrillation waves. The authors demonstrate
that in persistent AF, atrial scroll waves, defined as transmural
rotors around a filament spanning from the epicardial to the endocar-
dial surface, formed the primary activation pattern. Interestingly, most
of the meandering scroll wave filaments were identified in the thinner
parts of the atrial wall or at the transitions to thicker areas. These
results suggest that the large variability in wall thickness is an import-
ant factor for AF stabilization.
The study by Yamazaki et al. significantly extends insights provided
by several previous publications. Schuessler et al.4 had already demon-
strated that endo-epicardial activation time differences were shorter
in thinner regions of the atrial wall than in thicker areas. Here, it
was demonstrated that this might be related to preferential stabiliza-
tion of atrial scroll waves in thin parts of the atrial wall. Also, previous
computer simulations had shown that the heterogeneous distribution
of stretch due to the complex anatomy of the atrial wall can contrib-
ute to enhanced susceptibility of the atria for AF.9 The experimental
data as well as the computer simulations described in the study by
Yamazaki et al. suggest that the enhanced propensity to AF in
stretched atria is due to the steep gradients in thickness in the
complex anatomy of the atrial wall.
On the other hand, there are some discrepancies between the
present study and recent literature. The general notion of rotors
being the predominant activation pattern during AF in remodelled
atria is not supported by activation time mapping in patients1,5 and
also not by several studies in animal models demonstrating AF per-
petuation by multiple wavelet reentry.10,11 A detailed discussion
about predisposing conditions and functional implications of spiral
wave reentry vs. multiple wavelet reentry has been provided else-
where and is beyond the scope of this editorial.12 In the context of
the three-dimensional nature of the AF substrate, other discrepancies
with previous literature appear to be more relevant. For example,
Yamazaki et al. report a lower incidence of breakthrough in the per-
sistent AF group compared with acutely induced AF in normal atria.
This finding differs from the results of earlier studies in animal
models and patients where an increase in breakthrough incidence
with AF duration was described.2,7,10 Also, Yamazaki et al. show
that in persistent AF, long-lasting atrial scroll waves occur, suggesting
that the degree of endo-epicardial dissociation is lower in persistent
AF than in normal hearts, where the scroll waves are often distorted
by multiple breakthroughs and wavebreaks. In contrast, recent studies
have demonstrated increasing dyssynchrony between endo- and epi-
cardial activations7 or reduced cross-correlation between endo- and
epicardial electrograms in animal models of tachycardia-induced
atrial remodelling.6
Some of these discrepancies might be due to differences in the
technical approach between the studies. Yamazaki et al. studied
Langendorff-perfused hearts by optical mapping requiring the use of
blebbistatin, which might have affected the elongation of muscle
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bundles and thus the activity of stretch-activated channels. In the study
showing increasing endo-epicardial dissociation with progressive
structural remodelling in goats with persistent AF, fibrillating
atria were investigated in situ by simultaneous endo-epicardial
direct-contact mapping.7 In the elegant study by Everett et al.,6 endo-
cardial non-contact mapping was combined with epicardial direct-
contract mapping. It is currently unclear to what extent the
experimental setting, the choice for cut-off values for conduction
block, and the methods to match endo- with epicardial electrical
signals have influenced the conduction pattern of fibrillation waves
and the results of the data analysis in these studies.
Interestingly, Yamazaki et al. demonstrate that the majority of
breakthroughs occurred (nearly) simultaneously in the epi- and the
endocardium, suggesting ectopic focal discharges as an underlying
mechanism. The incidence of the ectopic discharges, however, was
much lower in persistent AF than in control. This observation is sur-
prising as recent studies have shown that prolonged AF enhances
phosphorylation13 and open probability of the Ca2+ release channel
of the sarcoplasmic reticulum, favouring triggered activity and
ectopy during AF.14,15 A possible explanation for this finding by
Yamazaki et al. could be that down-regulation of Ca2+ influx due to
AF might have prevented Ca2+ overload and Ca2+-related triggered
activity in this model.16
The overall implications of the perception of AF being a three-
dimensional conduction process are manifold. First of all,
endo-epicardial dissociation and conduction provide new reentry
sites for fibrillation waves, making the fibrillatory process more
stable. Secondly, simultaneous endo-epicardial recording of electrical
activity during AF offers the opportunity to study the mechanism of
radial spread of activation in more detail. Both transmural conduction
and ectopic focal discharges have been hypothesized to underlie this
frequently observed conduction pattern. These two phenomena are
likely to respond differentially to antiarrhythmic drugs, which means
that improving pharmacological cardioversion of AF requires better
understanding of the quantitative contribution of these mechanisms
to AF perpetuation. Finally, the development of realistic computer
models for AF will need to implement the three-dimensional architec-
ture of the atrial wall and conduction within this structure for the
reasons explained above. In this sense, the article by Yamazaki et al.
is important and timely and provides a valuable step towards a
more comprehensive understanding of fibrillatory conduction during
AF in the complex, three-dimensional structure of the atrial wall.
Conflict of interest: none declared.
References
1. Allessie MA, de Groot NMS, Houben RPM, Schotten U, Boersma E, Smeets JL et al.
Electropathological substrate of long-standing persistent atrial fibrillation in patients
with structural heart disease: longitudinal dissociation. Circ Arrhythm Electrophysiol
2010;3:606–615.
2. de Groot NMS, Houben RPM, Smeets JL, Boersma E, Schotten U, Schalij MJ et al.
Electropathological substrate of longstanding persistent atrial fibrillation in patients
with structural heart disease: epicardial breakthrough. Circulation 2010;122:
1674–1682.
3. Gray RA, Pertsov AM, Jalife J. Incomplete reentry and epicardial breakthrough pat-
terns during atrial fibrillation in the sheep heart. Circulation 1996;94:2649–2661.
4. Schuessler RB, Kawamoto T, Hand DE, Mitsuno M, Bromberg BI, Cox JL et al. Simul-
taneous epicardial and endocardial activation sequence mapping in the isolated canine
right atrium. Circulation 1993;88:250–263.
5. Holm M, Johansson R, Brandt J, Lu¨hrs C, Olsson SB. Epicardial right atrial free wall
mapping in chronic atrial fibrillation. Documentation of repetitive activation with a
focal spread—a hitherto unrecognised phenomenon in man. Eur Heart J 1997;18:
290–310.
6. Everett TH, Wilson EE, Hulley GS, Olgin JE. Transmural characteristics of atrial fibril-
lation in canine models of structural and electrical atrial remodeling assessed by sim-
ultaneous epicardial and endocardial mapping. Heart Rhythm 2010;7:506–517.
7. Eckstein J, Maesen B, Linz D, Zeemering S, van Hunnik A, Verheule S et al. Time
course and mechanisms of endo-epicardial electrical dissociation during atrial fibrilla-
tion in the goat. Cardiovasc Res 2011;89:816–824.
8. Yamazaki M, Mironov S, Taravant C, Brec J, Vaquero LM, Bandaru K et al. Heteroge-
neous atrial wall thickness and stretch promote scroll waves anchoring during atrial
fibrillation. Cardiovasc Res 2012;94:48–57.
9. Kuijpers NHL, Potse M, van Dam PM, Eikelder Ten HMM, Verheule S, Prinzen FW
et al. Mechanoelectrical coupling enhances initiation and affects perpetuation of
atrial fibrillation during acute atrial dilation. Heart Rhythm 2011;8:429–436.
10. Verheule S, Tuyls E, van Hunnik A, Kuiper M, Schotten U, Allessie M. Fibrillatory con-
duction in the atrial free walls of goats in persistent and permanent atrial fibrillation.
Circ Arrhythm Electrophysiol 2010;3:590–599.
11. Gaspo R, Bosch RF, Talajic M, Nattel S. Functional mechanisms underlying
tachycardia-induced sustained atrial fibrillation in a chronic dog model. Circulation
1997;96:4027–4035.
12. Schotten U, Verheule S, Kirchhof P, Goette A. Pathophysiological mechanisms of
atrial fibrillation: a translational appraisal. Physiol Rev 2011;91:265–325.
13. Greiser M, Neuberger HR, Harks E, El-Armouche A, Boknik P, de Haan S et al. Dis-
tinct contractile and molecular differences between two goat models of atrial dys-
function: AV block-induced atrial dilatation and atrial fibrillation. J Mol Cell Cardiol
2009;46:385–394.
14. Vest JA, Wehrens XHT, Reiken SR, Lehnart SE, Dobrev D, Chandra P et al. Defective
cardiac ryanodine receptor regulation during atrial fibrillation. Circulation 2005;111:
2025–2032.
15. Hove-Madsen L, Llach A, Bayes-Genı´s A, Roura S, Rodriguez Font E, Arı´s A et al.
Atrial fibrillation is associated with increased spontaneous calcium release from the
sarcoplasmic reticulum in human atrial myocytes. Circulation 2004;110:1358–1363.
16. Greiser M, Lederer WJ, Schotten U. Alterations of atrial Ca(2+) handling as cause
and consequence of atrial fibrillation. Cardiovasc Res 2011;89:722–733.
Editorial 9
